Abstract-Superlattices consisting of alternatively stacked rhombohedral and tetragonal phases of lead titanate doped lead magnesium niobate were demonstrated. Largely enhanced out-of-plane electro-optic (EO) coefficient was recorded, which evidences strong spontaneous polarization wave coupling with phonons (structural resonances). This coupling opens up a window to develop new metamaterials having unique permittivity and permeability properties, when using suitable combinations from both ferroelectric and ferromagnetic materials.
EO effect in oxygen-octahedra ferroelectric thin films, such as (Pb,La)(Zr,Ti)O 3 (PLZT) [1] , (Pb,La) TiO 3 (PLT) [2] , (1-x)Pb(Mg 1/3 Nb 2/3 )O 3 -xPbTiO 3 (PMN-PT) [3] , etc., has been extensively studied for exploring their potential applications as optical switch and modulator. Generally those films have been grown on common substrates, including LaAlO 3 , sapphire, silicon, etc., with a diversity of structural qualities from amorphous to single crystalline [4] . Most recorded quadratic EO coefficients in films are normally small (< 1.0 × 10 −16 (m/V) 2 ) with only a few arguable exceptions [5] , and have mainly been paid with attention in in-plane configurations.
Relaxor ferroelectric PMN-PT is a material well known for its high electromechanical coupling [6] . In our previous researches, we demonstrated good optical clarity and low waveguiding loss in a 100 oriented PMN-PT film [7] . Large in-plane quadratic EO coefficient of 1.5 × 10 −16 (m/V) 2 was measured. Most importantly, it was found that EO effect reaches its maximum when the film having a composition approaching to PMN-PT's morphology phase boundary (MPB) composition of x = 0.33 3 . Meanwhile, a strong EO in-plane anisotropy was also found that the EO coefficient along in-plane 110 is at least two orders larger than those along in-plane 001 directions [8] . This EO anisotropy was attributed to the materials' spontaneous polarization orientations. Thus it will be reasonable to expect that it has a small out-of-plane EO coefficient since that the normal of the film is obviously one of main crystalline axes of the material.
In this paper, we describe a new type of EO superlattice, which composes of alternative PMN-PT rhombohedral (R) and tetragonal (T) phases. Such an EO superlattice can present a largely enhanced out-of-plane EO effect, because of a strong spontaneous polarization coupling via the structural resonance. The purpose of this research includes: 1) to develop an optical material having large out-of-plane EO effect, which offers an additional flexibility of using vertical designs, other than regularly used transversal designs in photonic components [9] ; and 2) to verify such coupling through EO measurement, which leads to a proposal of new superlattice-type metamaterial development toward realizing unique permittivity and permeability properties.
FABRICATION
The superlattices were fabricated on 0.5 mm thick, r-cut Al 2 O 3 substrates using a modified dipcoating process [7] . The growth temperature for both (1-x)PMN-xPTs phases [(60/40) and (74/26)] is all around 650 • C. All the samples were kept with a same thickness of 0.35 µm, have a superlattice period "Γ" of 10 nm, 30 nm, 60 nm, 90 nm, and 120 nm, respectively. For comparison, singlecomposition films of (60/40), (74/26), and (67/33) with the same thickness were also fabricated under similar conditions. In order to measure the out-of-plane EO coefficient (requiring to apply an electrical field normal to the film), a second set of superlattices were fabricated on thin (∼50 nm) La 0.5 Sr 0.5 CoO 3 (LSCO) coated r-cut sapphires. The semi-conductive LSCO layer is required to be as thin as possible for the reason to increase its transparency in the visible range. Adding a thin layer of LSCO does not deteriorate the superlattice's crystallinity, since that PMN-PT, LSCO, and r-cut sapphire are all nearly lattice-matched [10] . On top of all these samples, a 200 nm Au coating was evaporated as a reflection layer for the out-of-plane quadratic EO measurements.
In-plane EO coefficient measurement using a pair of parallel Au electrodes with an accurately defined gap of 50µm is very straightforward. The method was discussed in our previous publications and the references therein [8] . To measure the out-of-plane EO coefficient, however, difficulty occurs when the electric field needs to be applied normally to the film [14] . In our measurement, the modulation of the polarization state of a laser beam, entering the sandwich structure from the semitransparent side (LSCO) and passing through the film when reflecting on the metal electrode (Au), will be revealed using the setup in Figure 1 . We assume that the beam is passing just twice through the film (upon reflection). We neglect F-P resonance from the sandwich structure, which could simulate the EO effect and add significant error to above two-pass assumption, because that reflection from the semitransparent LSCO layer is negligible [11] . Figure 2 shows the XRD spectra of two superlattices with a periodicity of 10 nm and 120 nm, respectively, which are compared with those from PMN-PT (67/33), (74/26), and (60/40) films. The (002) diffraction splitting is clearly seen, which indicates the existence of the superlattice structure. X-ray rocking curve analysis of the full width at half maximum (FWHM) performed on those superlattices' (001) and (111) diffraction peaks, disclose a FWHM around 0.23 • and 0.42 • , respectively, which still evidences that these films on sapphires are highly out-of-plane and in-plane oriented. Figure 2 : XRD spectra.
RESULTS AND DISCUSSION
In Figure 3 , out-of-plane quadratic EO coefficients of two superlattice samples with a periodicity of 10 nm and 30 nm, respectively, are plotted vs the incident angle α. For the two samples, the quadratic EO coefficients, which were averaged over all the values for all the incident angles, are (1.65±0.25)×10 −16 (m/V) 2 and (1.47±0.24)×10 −16 (m/V) 2 , respectively, with a 16% relative error of measurement. In order to minimize errors from local heating and laser power fluctuation, we repeated the tests at least three times and improved the heat dissipation on each sample-undermeasurement. It is important to notice that a strong enhancement of the out-of-plane quadratic EO coefficient has been observed when comparing to single-composition films and when reducing the superlattice's periodicity. Such an enhancement coincidences very well with our dielectric and ferroelectric hysteresis measurements [10] , and can be attributed to a long range coupling of spontaneous polarizations via structural phonons (resonance). Domain switching is a physical representation of such coupling, which only needs a 45 • angle adjustment of dipoles between the two phases. The in-plane quadratic EO coefficient, however, only have a slight dependence on the superlattice periodicity, and maintain a large value higher than 1.5 × 10 −16 (m/V) 2 . Both large in-plane and large out-of-plane EO effects in these PMN-PT superlattices make many new-conception EO devices possible. One example of such devices is a vertically aligned EO modulator having a circular aperture sandwiched by circular top-and bottom-electrodes, which can be directly integrated to a VCSEL semiconductor laser. Such integration can be exactly modematched and thus fully lossless. An additional advantage of such a vertically aligned modulation design is its fully polarization-independent performance, which can be very significant to fiber-optic telecommunication systems in which polarization-dependent losses (PDL) of optical components have been a very costly problem to solve.
More importantly, verification of such coupling between the spontaneous polarization wave and structural phonon proposes a new type of superlattice metamaterials having frequency-dependent and structural tailorable permittivity and permeability properties, when properly selecting the superlattice materials from ferroelectric and ferromagnetic materials. Dielectric and microwave properties of such superlattices were reported in our previous research [10] , which suggests a possible resonance behavior. Our recent simulation shows a possible existence of negative permittivity or permeability or both in such superlattice structures after the resonance frequency. Both simulation and experimental verification are on-going effort and will be discussed and published separately.
